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Primordial black holes (PBHs) from the early Universe constitute a viable dark matter (DM)
candidate and can span many orders of magnitude in mass. Light PBHs with masses around 1015 g
contribute to DM and will efficiently evaporate through Hawking radiation at present time, leading
to a slew of observable signatures. The emission will deposit energy and heat in the surrounding
interstellar medium. We revisit the constraints from dwarf galaxy heating by evaporating non-
spinning PBHs and find that conservative constraints from Leo T dwarf galaxy are significantly
weaker than previously suggested. Furthermore, we analyse gas heating from spinning evaporating
PBHs. The resulting limits on PBH DM abundance are found to be stronger for evaporating spinning
PBHs than for non-spinning PBHs.
I. INTRODUCTION
Primordial black holes (PBHs), formed in the early
Universe prior to any galaxies and stars, are a viable
candidate for DM (e.g., [1–31]). Depending on forma-
tion, PBHs surviving until the present can span many
orders of magnitude in mass, from ∼ 1015 g to well over
1010M. They can account for the entirety of the DM
in the mass window ∼ 10−16 − 10−10M, where there
are no observational constraints [32–38]. While signifi-
cant attention has been devoted to larger mass PBHs, it
has been realized recently that light PBHs can result in
a larger variety of observable signatures than previously
thought and is thus ripe for further exploration.
Light PBHs with mass . 10−16M existing at present
time will be evaporating and copiously emitting parti-
cles through Hawking radiation [39]. Non-rotating PBHs
with masses below 2.5× 10−19M have lifetimes smaller
than the age of the Universe and thus do not contribute
to DM abundance [40, 41]. Particle emission from cur-
rently evaporating PBHs produces a variety of signatures,
providing insight into this region of PBH DM parameter
space. Leading constraints on light PBHs have been ob-
tained from observations of photon flux [42–45], cosmic
microwave background [46–49], electron and positron cos-
mic rays [50], 511 keV gamma-ray line [35, 51–56], as well
as neutrinos [35].
Usually, PBHs are assumed to be non-rotating
(Schwarzschild) [57–59]. However, PBHs can be formed1
with significant spin (Kerr BHs) [22–26, 61, 62]. BH
spin will affect the Hawking radiation, generally in-
creasing the emission while favoring particles with larger
spin [39, 41, 63, 64]. Furthermore, the mass limit of ∼
2.5 × 10−19M for PBHs below which their lifetime is
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1 Heavier PBHs can also efficiently acquire spin via accretion [60].
smaller than the age of the Universe varies by a factor of
∼ 2 for maximally rotating PBHs [63, 65, 66]. Besides
mass (and electric charge), angular momentum consti-
tutes a fundamental conserved parameter of a BH. Hence,
it is important to explore the implications of spin for ob-
servations [35, 44, 65–68].
Recently, observations from dwarf galaxies (in partic-
ular, Leo T) have been used to constrain stellar and
intermediate-mass PBHs by considering heating of inter-
stellar medium (ISM) gas due to PBH interactions [69].
This represents a new signature not previously considered
for PBHs. Subsequently, Ref. [70] considered heating of
ISM gas due to light evaporating non-rotating PBHs.
In this work, we revisit and provide a comprehen-
sive treatment of gas heating due to evaporating PBHs,
focusing on the dwarf galaxy Leo T. We find that a
more detailed, conservative, and proper treatment of
energy deposition from PBH emission results in signif-
icantly weaker constraints than reported in the analysis
of Ref. [70]. Furthermore, we study gas heating due to
evaporating PBHs with significant spin.
This study is organized as follows. In Sec. II, we dis-
cuss emission and generate the spectrum for spinning and
non-spinning PBHs. In Sec. III, we describe properties of
target system Leo T dwarf galaxy. In Sec. IV, we dis-
cuss the energy deposition and heating in dwarf galaxies
from evaporating PBHs, focusing on Leo T. In Sec. V,
we discuss gas cooling and thermal balance with heating.
Finally, we summarize in Sec. VI.
II. EVAPORATING BLACK HOLE EMISSION
An un-charged2 rotating (Kerr) PBH radiates at a
temperature given by [40, 41, 63, 73–75]
TPBH =
1
4piGMPBH
( √1− a2∗
1 +
√
1− a2∗
)
, (1)
2 BHs with mass below . 105M are expected to rapidly lose any
accumulated charge due to Schwinger pair production [71, 72].
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FIG. 1. Emission components from evaporating PBHs contributing to gas heating in Leo T, assuming PBHs are non-rotating
with a∗ = 0 [Left], PBHs are spinning with a∗ = 0.9 [Middle], and PBHs approaching the Kerr BH limit with spin a∗ = 0.9999
[Right]. Contributions from primary photons (green line) and electrons/positrons (red line) as well as secondary photons (blue
dashed line) and electrons/positrons (orange dashed line) arising from QCD jets and the primary spectrum, are shown. The
difference between the primary and the secondary spectra is . 15% in all cases.
where G is the gravitational constant, MPBH and a∗ =
JPBH/(GM2PBH) are the PBH mass and reduced spin
Kerr parameter, for a PBH with angular momentum
JPBH. In the limit a∗ → 0, Eq. (1) reduces to the usual
Hawking evaporation temperature of a Schwarzschild
BH, T ' 1.1 MeV (MPBH/1016g)−1. The temperature
is seen to be significantly diminished for a Kerr BH in
the limit a∗ → 1.
Evaporating PBHs start to emit significant quanti-
ties of a given particle as the BH temperature reaches
the particle mass, and at high temperatures the emis-
sion spectrum resembles that of blackbody radiation [40].
For spin-1/2 particles, the emission peak occurs at E '
4.03TPBH [75]. At lower BH masses, secondary emission
channels due to quark and gluon QCD jets become rele-
vant.
For primary emission, the number of particles, Ni,
emitted per unit energy per unit time is given by
[40, 41, 63, 73–75]
d2Ni
dtdE
= 12pi
∑
dof
Γi(E,MPBH, a∗)
eE′/TPBH ± 1 , (2)
where the greybody factor Γi(E,MPBH, a∗) encodes the
probability that the emitted particle overcomes the grav-
itational well of the BH, E′ is the total energy of a par-
ticle when taking BH rotation into account, the ± signs
are for fermions and bosons, respectively, and summa-
tion is over considered degrees of freedom. Secondary
emission of particles from QCD jets can be computed
numerically [76].
For our study we generate the PBH emission spectrum
for each particle species using BlackHawk code3 [77].
3 Results of numerical computation have been verified against
semi-analytical formulas [40, 41, 63, 73].
III. TARGET SYSTEM: LEO T
DM-rich dwarf galaxies represent favorable environ-
ments to investigate the effects of PBH heating due to
interactions with gas. Throughout this work, we focus
on the well-modelled Leo T dwarf galaxy as our target
system due to its desirable cooling, gas, and DM proper-
ties. We stress, however, that our analysis is general and
can be readily extended to other gas systems of interest4.
To describe Leo T, we follow the model of Refs. [78–
80] for the DM density, neutral hydrogen (HI) gas dis-
tribution, and ionization fraction. The hydrogen gas
in the inner rs < 350 pc of Leo T system is largely
un-ionized [70, 81]. We consider only this central re-
gion, employing the average HI gas density of nH =
0.07 cm−3, ionization fraction xe = 0.01 and DM density
of 1.75 GeV cm−3 [78]. Hence, the gas column density
can be estimated as nHrs = 9.72 × 1019 cm−2 and the
mass column density as mHnHrs = 1.627×10−4 g cm−2.
The velocity dispersion of the HI gas in this region
σv = 6.9 km/s [80, 82, 83] suggests a gas temperature
of T ' 6000 K. In contrast to the case of PBH accretion
emission analysis [69], the velocity dispersion and distri-
bution of the HI gas and DM are not as relevant here as
long as they remain non-relativistic.
IV. GAS HEATING BY EVAPORATING PBHS
As proposed in Ref. [69], accretion emission from heav-
ier PBHs will deposit energy and heat the gas in sur-
rounding interstellar medium. It was subsequently sug-
gested that emitted particles from evaporating light
PBHs can also deposit energy and heat surrounding gas
4 We estimate that heating of Milky Way gas clouds leads to
weaker bounds.
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FIG. 2. Constraints from Leo T on the fraction of DM PBHs, fPBH, for a monochromatic PBH mass function. [Left] Results
for non-rotating PBHs with spin a∗ = 0 (black solid line), PBHs with spin a∗ = 0.9 (black dashed line) and PBHs approaching
Kerr limit with a∗ = 0.9999 (black dotted line) are shown. The “elbow” feature seen at the higher PBH masses is due to
increased photon contribution. [Right] Overlay of our results with existing constraints on non-spinning PBHs from Voyager-1
detection of positrons and using propagation model B without background (“V”, shaded red) [50], Planck cosmic microwave
background (“CMB”, shaded brown) [46], isotropic gamma-ray background (“IGRB”, shaded green) [36, 42, 43], INTEGRAL
511 keV emission line for the isothermal DM profile with 1.5 kpc positron annihilation region (“I”, shaded blue) [35, 55, 56],
Super-Kamiokande neutrinos (“S”, shaded orange) [35], as well as INTEGRAL Galactic Center MeV flux (“MeV”, shaded
magenta) [45]. The constraint marked “I” and “MeV” are shown till the lowest PBH masses as displayed in Refs. [56] and [45]
respectively.
[70]. Below, we revisit gas heating due to non-rotating
evaporating PBHs with an improved treatment. We also
extend our study of gas heating to emission from rotating
evaporating PBHs.
For our PBH masses of interest, both photon as well
as electron/positron emission channels from evaporat-
ing PBHs can contribute to heating. In Ref. [70], pho-
ton heating contribution has been assumed negligible
due to power law scaling of photo-electric cross-section
σPE ∝ E−3.5 when photon energies are above keV. How-
ever, for photon energies around MeV that are typical
to our study, the cumulative photon interaction cross-
section levels out, primarily due to Compton scatter-
ing contribution (see Fig. 33.19 of Ref. [84]). The aver-
age heating rate due to photon emission of PBH of mass
MPBH and spin a∗ is given by [69]
Hγ(MPBH, a∗) =
∫ ∞
0
fh(E)E
d2Nγ
dtdE
(
1− e−τ) dE , (3)
where fh(E) ∼ O(1) is the fraction of photon energy
loss deposited as heat, and τ = mHnHrs/λ is the optical
depth of gas in terms of the absorption length λ. We
take the cumulative photon absorption length from Ref.
[84]. We assume that the photon deposits heat similarly
to electrons of the same energy. Hence, we approximate
the fraction of energy deposited as heat to be similar
to that of electrons, fh(E) = 0.367 + 0.395(11 eV/(E −
me))0.7 [70, 85–87], where me is the electron mass. The
efficiency of photon heating is rather poor, with the heat
deposited within Leo T from characteristic MeV photons
with λ ' 10 g/cm2 being only ∼ 10−5 fraction of the
photon energy.
Analogously to the photon case, heating due to PBH
electron/positron emission can be stated as
He(MPBH, a∗) = 2
∫ ∞
me
fh(E)[E−me]d
2Ne
dtdE
(
1− e−τ) dE ,
(4)
where factor of 2 comes from summing contributions of
electrons and positrons, fh(E) is taken as before and the
factor (1 − e−τ ) accounts for the gas system’s optical
thickness. When the system is not optically thick, op-
tical depth can be written in terms of stopping power,
S(E), as τ ' mHnHrsS(E)/E. For the electron stopping
power on hydrogen gas, we use NIST database [88]. For
characteristic MeV electrons with S(E) ' 2 MeV cm2/g,
only ∼ 10−4 fraction of the electron energy is deposited
as heat in Leo T.
The suppression of gas heating in Eq. (4) from
positrons and electrons, (1 − e−τ ), due to optical thick-
ness of the gas system was not accounted for in the study
of Ref. [70], effectively assuming that the gas is fully op-
tically thick (i.e., τ & 1). This lead to significant overes-
timation of the limits from evaporating PBH gas heating
than we find, as discussed below. Since the size of the
gas system in consideration is finite and it can be opti-
cally thin, this factor should be present. We note that
presence of magnetic fields in the ISM can also affect
4emitted positrons. However, the strength, orientation
and distribution of magnetic fields in Leo T is highly un-
certain and very poorly known. Further, propagation of
positrons can be affected in a non-trivial way by diffu-
sion, collisions, advection, and other processes. Even in a
relatively well-studied region like the Milky Way Galactic
Center, the positron propagation distance is highly un-
certain [89]. We expect such uncertainties to be present in
Leo T too, especially in the absence of our understanding
of the magnetic field, turbulence, and other astrophysi-
cal properties of that galaxy. Hence, our resulting bounds
from PBH heating are conservative.
In Fig. 1 (left panel), we display the resulting heat-
ing rates H(MPBH, a∗) for Leo T, including contributions
of primary photons and electrons/positrons as well as
secondary photons and electrons/positrons arising from
QCD jets. Electrons/positrons are seen to provide the
dominant contribution to heating rate within a broad
range of parameter space of interest. Photons provide a
sub-dominant contribution to the heating, but could in
fact dominate in the regimes T  me (where electron
emission is heavily suppressed).
We further analyze heating from spinning PBHs, dis-
playing results for a∗ = 0.9 (Fig. 1, middle panel) and
a∗ = 0.9999 (Fig. 1, right panel). The emission for a∗ = 0
and a∗ = 0.9 is seen to be similar. As the spin approaches
the extreme Kerr limit, a∗ → 1, the pattern of PBH emis-
sion and hence heating contributions changes. The emis-
sion tends to be higher for spinning PBHs and for highly
spinning PBHs, photons can become dominant at smaller
PBH masses, as they are produced in greater abundance
than electrons [63].
V. COOLING AND THERMAL BALANCE
The thermal balance of heating from PBHs and gas
cooling allows us to constrain the PBH abundance with
Leo T [69, 70]. We ignore the possible additional con-
tributions of natural heating sources, resulting in more
conservative bounds.
Gas temperature exchange is a complex process and a
detailed analysis involving a full chemistry network can
be performed using numerical methods [90]. For the pa-
rameters of interest, we employ the approximate gas cool-
ing rate results obtained in Ref. [81]. The cooling rate
per unit volume of the hydrogen gas is given by
C˙ = n2H10[Fe/H]Λ(T ) , (5)
where [Fe/H]≡ log10(nFe/nH)gas − log10(nFe/nH)Sun is
the metallicity, and Λ(T ) is the cooling function. We
obtain Λ(T ) = 2.51 × 10−28T 0.6, valid for 300 K <
T < 8000 K [81], via a numerical fit to the results of
Ref. [90]. Following the analysis of Refs. [69, 81], we
adopt C˙ = 2.28 × 10−30 erg cm−3 s−1 for the cooling
rate in Leo T.
From the PBH DM fraction, fPBH, and average DM
density in Leo T, ρDM ' 1.75 GeV cm−3, the total num-
ber of PBHs residing in Leo T is
NPBH =
(4pir3s
3
)fPBHρDM
MPBH
. (6)
We take the average density such that the NPBH
is the same as that obtained while integrating over
the DM profile. Requiring the total generated heat,
NPBHH(MPBH, a∗), to be less than the total cooling rate
in the central region of Leo T, yields the constraint [69]
fPBH < fbound =
MPBHC˙
ρDMH(MPBH, a∗)
. (7)
In Fig. 2, we display our resulting constraints from
PBH gas heating along with other existing limits, assum-
ing a monochromatic PBH mass-function. Our results
can be readily extended for other PBH mass-functions.
Spinning PBHs are seen to induce stronger limits than
non-spinning PBHs. Our results are several orders of
magnitude below the results suggested by the analysis
of Ref. [70], which can be attributed primarily to not
accounting for the optical thickness of gas as described
above. Furthermore, we have extended the constraints
to smaller PBHs masses.
A better understanding of the standard astrophysical
heating rate in Leo T can substantially improve this limit.
Similarly, discovery of more DM dominated dwarf galaxy
systems and a good understanding of heating and cooling
rates inside them can even lead to discovery of low-mass
PBHs via this technique.
VI. CONCLUSIONS
Light PBHs, with masses . 1017 g, contributing to
DM will significantly emit particles via Hawking radia-
tion depositing energy and heat in the surrounding gas.
We have studied gas heating due to spinning and non-
spinning PBHs, focusing on the dwarf galaxy Leo T. A
detailed, conservative, and proper treatment of heating
results in presented limits being significantly weaker than
previously claimed. We find that limits from spinning
evaporating PBHs are stronger than for the non-spinning
case.
ACKNOWLEDGMENTS
We thank Jeremy Auffinger, Hyungjin Kim, Alexan-
der Kusenko, and Anupam Ray for comments and dis-
cussions. The work of P.L. and V.T. was supported by
the U.S. Department of Energy (DOE) Grant No. DE-
SC0009937. R.L. thanks CERN theory group for sup-
port.
5[1] Y. B. Zel’dovich and I. D. Novikov, The Hypothesis of
Cores Retarded during Expansion and the Hot
Cosmological Model, Sov. Astron. 10 (1967) 602.
[2] S. Hawking, Gravitationally collapsed objects of very
low mass, Mon. Not. Roy. Astron. Soc. 152 (1971) 75.
[3] B. J. Carr and S. W. Hawking, Black holes in the early
Universe, Mon. Not. Roy. Astron. Soc. 168 (1974) 399.
[4] G. F. Chapline, Cosmological effects of primordial black
holes, Nature 253 (1975) 251.
[5] P. Meszaros, Primeval black holes and galaxy formation,
Astron. Astrophys. 38 (1975) 5.
[6] B. J. Carr, The Primordial black hole mass spectrum,
Astrophys. J. 201 (1975) 1.
[7] J. Garcia-Bellido, A. D. Linde and D. Wands, Density
perturbations and black hole formation in hybrid
inflation, Phys. Rev. D54 (1996) 6040
[astro-ph/9605094].
[8] M. Yu. Khlopov, Primordial Black Holes, Res. Astron.
Astrophys. 10 (2010) 495 [0801.0116].
[9] P. H. Frampton, M. Kawasaki, F. Takahashi and T. T.
Yanagida, Primordial Black Holes as All Dark Matter,
JCAP 1004 (2010) 023 [1001.2308].
[10] S. Bird, I. Cholis, J. B. Mun˜oz, Y. Ali-Ha¨ımoud,
M. Kamionkowski, E. D. Kovetz, A. Raccanelli and
A. G. Riess, Did LIGO detect dark matter?, Phys. Rev.
Lett. 116 (2016) 201301 [1603.00464].
[11] M. Kawasaki, A. Kusenko, Y. Tada and T. T.
Yanagida, Primordial black holes as dark matter in
supergravity inflation models, Phys. Rev. D94 (2016)
083523 [1606.07631].
[12] B. Carr, F. Kuhnel and M. Sandstad, Primordial Black
Holes as Dark Matter, Phys. Rev. D94 (2016) 083504
[1607.06077].
[13] K. Inomata, M. Kawasaki, K. Mukaida, Y. Tada and
T. T. Yanagida, Inflationary primordial black holes for
the LIGO gravitational wave events and pulsar timing
array experiments, Phys. Rev. D 95 (2017) 123510
[1611.06130].
[14] S. Pi, Y.-l. Zhang, Q.-G. Huang and M. Sasaki,
Scalaron from R2-gravity as a heavy field, JCAP 1805
(2018) 042 [1712.09896].
[15] K. Inomata, M. Kawasaki, K. Mukaida, Y. Tada and
T. T. Yanagida, Inflationary Primordial Black Holes as
All Dark Matter, Phys. Rev. D 96 (2017) 043504
[1701.02544].
[16] J. Garcia-Bellido, M. Peloso and C. Unal, Gravitational
Wave signatures of inflationary models from Primordial
Black Hole Dark Matter, JCAP 1709 (2017) 013
[1707.02441].
[17] Y. Inoue and A. Kusenko, New X-ray bound on density
of primordial black holes, JCAP 1710 (2017) 034
[1705.00791].
[18] J. Georg and S. Watson, A Preferred Mass Range for
Primordial Black Hole Formation and Black Holes as
Dark Matter Revisited, JHEP 09 (2017) 138
[1703.04825].
[19] K. Inomata, M. Kawasaki, K. Mukaida and T. T.
Yanagida, Double Inflation as a single origin of PBHs
for all dark matter and LIGO, 1711.06129.
[20] B. Kocsis, T. Suyama, T. Tanaka and S. Yokoyama,
Hidden universality in the merger rate distribution in
the primordial black hole scenario, Astrophys. J. 854
(2018) 41 [1709.09007].
[21] K. Ando, K. Inomata, M. Kawasaki, K. Mukaida and
T. T. Yanagida, Primordial black holes for the LIGO
events in the axionlike curvaton model, Phys. Rev. D 97
(2018) 123512 [1711.08956].
[22] E. Cotner and A. Kusenko, Primordial black holes from
supersymmetry in the early universe, Phys. Rev. Lett.
119 (2017) 031103 [1612.02529].
[23] E. Cotner and A. Kusenko, Astrophysical constraints on
dark-matter Q-balls in the presence of baryon-violating
operators, Phys. Rev. D94 (2016) 123006 [1609.00970].
[24] E. Cotner and A. Kusenko, Primordial black holes from
scalar field evolution in the early universe, Phys. Rev.
D96 (2017) 103002 [1706.09003].
[25] E. Cotner, A. Kusenko, M. Sasaki and V. Takhistov,
Analytic Description of Primordial Black Hole
Formation from Scalar Field Fragmentation, JCAP
1910 (2019) 077 [1907.10613].
[26] E. Cotner, A. Kusenko and V. Takhistov, Primordial
Black Holes from Inflaton Fragmentation into Oscillons,
Phys. Rev. D98 (2018) 083513 [1801.03321].
[27] M. Sasaki, T. Suyama, T. Tanaka and S. Yokoyama,
Primordial black holes—perspectives in gravitational
wave astronomy, Class. Quant. Grav. 35 (2018) 063001
[1801.05235].
[28] B. Carr and J. Silk, Primordial Black Holes as
Generators of Cosmic Structures, Mon. Not. Roy.
Astron. Soc. 478 (2018) 3756 [1801.00672].
[29] M. M. Flores and A. Kusenko, Primordial black holes
from long-range scalar forces and scalar radiative
cooling, 2008.12456.
[30] H. Deng and A. Vilenkin, Primordial black hole
formation by vacuum bubbles, JCAP 1712 (2017) 044
[1710.02865].
[31] A. Kusenko, M. Sasaki, S. Sugiyama, M. Takada,
V. Takhistov and E. Vitagliano, Exploring Primordial
Black Holes from Multiverse with Optical Telescopes,
2001.09160.
[32] A. Katz, J. Kopp, S. Sibiryakov and W. Xue,
Femtolensing by Dark Matter Revisited, JCAP 12
(2018) 005 [1807.11495].
[33] N. Smyth, S. Profumo, S. English, T. Jeltema,
K. McKinnon and P. Guhathakurta, Updated
Constraints on Asteroid-Mass Primordial Black Holes
as Dark Matter, Phys. Rev. D 101 (2020) 063005
[1910.01285].
[34] P. Montero-Camacho, X. Fang, G. Vasquez, M. Silva
and C. M. Hirata, Revisiting constraints on
asteroid-mass primordial black holes as dark matter
candidates, JCAP 1908 (2019) 031 [1906.05950].
[35] B. Dasgupta, R. Laha and A. Ray, Neutrino and
positron constraints on spinning primordial black hole
dark matter, Phys. Rev. Lett. 125 (2020) 101101
[1912.01014].
[36] B. Carr, K. Kohri, Y. Sendouda and J. Yokoyama,
Constraints on Primordial Black Holes, 2002.12778.
[37] B. Carr and F. Kuhnel, Primordial Black Holes as Dark
Matter: Recent Developments, 2006.02838.
[38] A. M. Green and B. J. Kavanagh, Primordial Black
Holes as a dark matter candidate, 2007.10722.
6[39] S. Hawking, Particle Creation by Black Holes,
Commun. Math. Phys. 43 (1975) 199. [Erratum:
Commun.Math.Phys. 46, 206 (1976)].
[40] D. N. Page, Particle Emission Rates from a Black Hole:
Massless Particles from an Uncharged, Nonrotating
Hole, Phys. Rev. D 13 (1976) 198.
[41] D. N. Page, Particle Emission Rates from a Black Hole.
3. Charged Leptons from a Nonrotating Hole, Phys. Rev.
D 16 (1977) 2402.
[42] B. J. Carr, K. Kohri, Y. Sendouda and J. Yokoyama,
New cosmological constraints on primordial black holes,
Phys. Rev. D81 (2010) 104019 [0912.5297].
[43] G. Ballesteros, J. Coronado-Bla´zquez and D. Gaggero,
X-ray and gamma-ray limits on the primordial black
hole abundance from Hawking radiation, Phys. Lett. B
808 (2020) 135624 [1906.10113].
[44] A. Arbey, J. Auffinger and J. Silk, Constraining
primordial black hole masses with the isotropic gamma
ray background, Phys. Rev. D 101 (2020) 023010
[1906.04750].
[45] R. Laha, J. B. Mun˜oz and T. R. Slatyer, INTEGRAL
constraints on primordial black holes and particle dark
matter, Phys. Rev. D 101 (2020) 123514 [2004.00627].
[46] S. Clark, B. Dutta, Y. Gao, L. E. Strigari and
S. Watson, Planck Constraint on Relic Primordial Black
Holes, Phys. Rev. D 95 (2017) 083006 [1612.07738].
[47] P. Sto¨cker, M. Kra¨mer, J. Lesgourgues and V. Poulin,
Exotic energy injection with ExoCLASS: Application to
the Higgs portal model and evaporating black holes,
JCAP 03 (2018) 018 [1801.01871].
[48] H. Poulter, Y. Ali-Ha¨ımoud, J. Hamann, M. White and
A. G. Williams, CMB constraints on ultra-light
primordial black holes with extended mass distributions,
1907.06485.
[49] S. K. Acharya and R. Khatri, CMB and BBN
constraints on evaporating primordial black holes
revisited, JCAP 06 (2020) 018 [2002.00898].
[50] M. Boudaud and M. Cirelli, Voyager 1 e± Further
Constrain Primordial Black Holes as Dark Matter,
Phys. Rev. Lett. 122 (2019) 041104 [1807.03075].
[51] P. Okele and M. Rees, Observational consequences of
positron production by evaporating black holes, Astron.
Astrophys. 81 (1980) 263.
[52] P. Okeke, The primary source and the fates of galactic
positrons, Astrophysics and Space Science 71 (1980)
371.
[53] J. H. MacGibbon and B. J. Carr, Cosmic rays from
primordial black holes, Astrophys. J. 371 (1991) 447.
[54] C. Bambi, A. D. Dolgov and A. A. Petrov, Primordial
black holes and the observed Galactic 511-keV line,
Phys. Lett. B 670 (2008) 174 [0801.2786]. [Erratum:
Phys.Lett.B 681, 504–504 (2009)].
[55] W. DeRocco and P. W. Graham, Constraining
Primordial Black Hole Abundance with the Galactic 511
keV Line, Phys. Rev. Lett. 123 (2019) 251102
[1906.07740].
[56] R. Laha, Primordial black holes as a dark matter
candidate are severely constrained by the Galactic
Center 511 keV gamma-ray line, Phys. Rev. Lett. 123
(2019) 251101 [1906.09994].
[57] T. Chiba and S. Yokoyama, Spin Distribution of
Primordial Black Holes, PTEP 2017 (2017) 083E01
[1704.06573].
[58] V. De Luca, V. Desjacques, G. Franciolini, A. Malhotra
and A. Riotto, The initial spin probability distribution
of primordial black holes, JCAP 05 (2019) 018
[1903.01179].
[59] M. Mirbabayi, A. Gruzinov and J. Noren˜a, Spin of
Primordial Black Holes, JCAP 03 (2020) 017
[1901.05963].
[60] V. De Luca, G. Franciolini, P. Pani and A. Riotto, The
evolution of primordial black holes and their final
observable spins, JCAP 04 (2020) 052 [2003.02778].
[61] T. Harada, C.-M. Yoo, K. Kohri, K.-i. Nakao and
S. Jhingan, Primordial black hole formation in the
matter-dominated phase of the Universe, Astrophys. J.
833 (2016) 61 [1609.01588].
[62] T. Kokubu, K. Kyutoku, K. Kohri and T. Harada,
Effect of Inhomogeneity on Primordial Black Hole
Formation in the Matter Dominated Era, Phys. Rev. D
98 (2018) 123024 [1810.03490].
[63] D. N. Page, Particle Emission Rates from a Black Hole.
2. Massless Particles from a Rotating Hole, Phys. Rev.
D 14 (1976) 3260.
[64] B. E. Taylor, C. M. Chambers and W. A. Hiscock,
Evaporation of a Kerr black hole by emission of scalar
and higher spin particles, Phys. Rev. D 58 (1998)
044012 [gr-qc/9801044].
[65] R. Dong, W. H. Kinney and D. Stojkovic, Gravitational
wave production by Hawking radiation from rotating
primordial black holes, JCAP 10 (2016) 034
[1511.05642].
[66] A. Arbey, J. Auffinger and J. Silk, Evolution of
primordial black hole spin due to Hawking radiation,
Mon. Not. Roy. Astron. Soc. 494 (2020) 1257
[1906.04196].
[67] F. Kuhnel, Enhanced Detectability of Spinning
Primordial Black Holes, Eur. Phys. J. C 80 (2020) 243
[1909.04742].
[68] Y. Bai and N. Orlofsky, Primordial Extremal Black
Holes as Dark Matter, Phys. Rev. D 101 (2020) 055006
[1906.04858].
[69] P. Lu, V. Takhistov, G. B. Gelmini, K. Hayashi,
Y. Inoue and A. Kusenko, Constraining Primordial
Black Holes with Dwarf Galaxy Heating, 2007.02213.
[70] H. Kim, A constraint on light primordial black holes
from the interstellar medium temperature, 2007.07739.
[71] G. Gibbons, Vacuum Polarization and the Spontaneous
Loss of Charge by Black Holes, Commun. Math. Phys.
44 (1975) 245.
[72] W. Zaumen, Spontaneous Discharge of Kerr-Newman
Black Holes, in Marcel Grossmann Meeting on the
Recent Progress of the Fundamentals of General
Relativity, pp. 537–538, 1, 1975.
[73] J. H. MacGibbon and B. R. Webber, Quark- and
gluon-jet emission from primordial black holes: The
instantaneous spectra, Phys. Rev. D 41 (1990) 3052.
[74] J. H. MacGibbon, Quark- and gluon-jet emission from
primordial black holes. ii. the emission over the
black-hole lifetime, Phys. Rev. D 44 (1991) 376.
[75] J. H. MacGibbon, B. J. Carr and D. N. Page, Do
Evaporating Black Holes Form Photospheres?, Phys.
Rev. D 78 (2008) 064043 [0709.2380].
[76] J. MacGibbon and B. Webber, Quark and gluon jet
emission from primordial black holes: The
instantaneous spectra, Phys. Rev. D 41 (1990) 3052.
7[77] A. Arbey and J. Auffinger, BlackHawk: A public code
for calculating the Hawking evaporation spectra of any
black hole distribution, Eur. Phys. J. C 79 (2019) 693
[1905.04268].
[78] J. D. Simon and M. Geha, The Kinematics of the
Ultra-faint Milky Way Satellites: Solving the Missing
Satellite Problem, Astrophys. J. 670 (2007) 313
[0706.0516].
[79] Y. Faerman, A. Sternberg and C. F. McKee,
Ultra-Compact High Velocity Clouds as Minihalos and
Dwarf Galaxies, Astrophys. J. 777 (2013) 119
[1309.0815].
[80] E. V. Ryan-Weber, A. Begum, T. Oosterloo, S. Pal,
M. J. Irwin, V. Belokurov, N. Evans and D. B. Zucker,
The Local Group dwarf Leo T: HI on the brink of star
formation, Mon. Not. Roy. Astron. Soc. 384 (2008) 53
[0711.2979].
[81] D. Wadekar and G. R. Farrar, First direct astrophysical
constraints on dark matter interactions with ordinary
matter at very low velocities, 1903.12190.
[82] J. D. Simon and M. Geha, The Kinematics of the
Ultra-Faint Milky Way Satellites: Solving the Missing
Satellite Problem, Astrophys. J. 670 (2007) 313
[0706.0516].
[83] E. A. K. Adams and T. A. Oosterloo, Deep neutral
hydrogen observations of Leo T with the Westerbork
Synthesis Radio Telescope, Astron. Astrophys. 612
(2018) A26 [1712.06636].
[84] Particle Data Group Collaboration, M. Tanabashi
et al., Review of Particle Physics, Phys. Rev. D 98
(2018) 030001.
[85] J. M. Shull and M. E. van Steenberg, X-ray secondary
heating and ionization in quasar emission-line clouds,
Astrophys. J. 298 (1985) 268.
[86] M. Ricotti, N. Y. Gnedin and J. Shull, The fate of the
first galaxies. I. self-consistent cosmological simulations
with radiative transfer, Astrophys. J. 575 (2002) 33
[astro-ph/0110431].
[87] S. Furlanetto and S. J. Stoever, Secondary ionization
and heating by fast electrons, Mon. Not. Roy. Astron.
Soc. 404 (2010) 1869 [0910.4410].
[88] M. Berger, J. Coursey, M. Zucker and J. Chang,
Computer programs for calculating stopping-power and
range tables for electrons, protons, and helium ions
(version 1.2.3), 2017. 10.18434/T4NC7P.
[89] F. H. Panther, Positron Transport and Annihilation in
the Galactic Bulge, Galaxies 6 (2018) 39 [1801.09365].
[90] B. D. Smith et al., Grackle: a Chemistry and Cooling
Library for Astrophysics, Mon. Not. Roy. Astron. Soc.
466 (2017) 2217 [1610.09591].
